ABSTRACT: Exposure to neurotoxic, chiral PCBs has been associated with neurodevelopmental disorders, but their metabolism in humans remains unexplored. We investigated the enantioselective metabolism of PCB 95 by human liver microsomes (HLMs) to potentially neurotoxic, hydroxylated metabolites (OH-PCBs). OH-PCB profiles formed in experiments with HLMs differed from metabolite profiles reported for rodent species. The second eluting atropisomer of 2,2′,3,5′,6-pentachlorobiphenyl-4′-ol, the major metabolite, was preferentially formed by all HLM preparations investigated. Differences in metabolite formation rates were observed with single donor HLMs. The metabolism of PCBs and its role in PCB-mediated neurodevelopmental disorders need to be further characterized.
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P
CBs represent a human health concern because they are detected in environmental samples and human tissues. 1, 2 Epidemiological studies suggest negative associations between developmental exposures to PCBs and neurophysiological function in infancy and childhood. 3 Animal studies demonstrate that developmental exposures to PCBs, such as PCB 95, cause behavioral deficits in rodents due to the disruption of calcium homeostasis. 3 Higher levels of PCB 95 have been observed in the brain from individuals diagnosed with a neurodevelopmental disorder compared to that in neurotypical individuals.
2 PCB 95 and its hydroxylated metabolites (OH-PCBs) are potent sensitizers of ryanodine receptors, 4 calcium release channels implicated in the developmental neurotoxicity of PCBs.
3 PCB 95 and its metabolites exist as two stable rotational isomers or atropisomers that are nonsuperimposable mirror images of each other. PCB 95 is enantioselectively metabolized by P450 enzymes, thus resulting in atropisomerically enriched PCB 95 in brain tissue. 5, 6 Although PCBs atropselectively alter end points implicated in PCBs' developmental neurotoxicity, 1,3 the oxidation of PCB 95 by HLMs has not been investigated previously.
Initial microsomal metabolism studies with pooled HLMs (pHLM; pool of 50, mixed gender; Xenotech, Lenexa KS, USA) were carried out to identify hydroxylated PCB 95 metabolites potentially formed in humans ( Figure 1 and Figures S1 to S14). 7 Analysis by GC/time-of-flight MS after extraction and derivatization with diazomethane revealed the formation of six mono-and two dihydroxylated metabolites (as methylated derivatives). The identification of the metabolites was based on accurate mass determination and the isotope + ; see Supporting Information. 8 The proposed chemical structures and abbreviations of the metabolites are shown in Figure 1A . The formation of 3-103 (a 1,2-shift product), 5-95, 4′-95, 4-95, and 4,5-95 was further confirmed by comparing relative retention times and MS data of the metabolites to those of authentic standards.
GC with electron capture detection (ECD; see Supporting Information) was used to determine levels and relative formation rates 7 of the OH-PCB metabolites in incubations with HLMs ( Figure 1D ; Tables S1 to S5). Incubation conditions for the determination of formation rates were optimized for time, protein, NADPH, and PCB 95 concentrations (i.e., 50 μM PCB 95; 5 min incubation at 37°C; 0.1 mg/mL microsomal protein; and 1 mM NADPH). 9 The para position of the 2,5-dichloro substituted phenyl ring was the major site of PCB 95 metabolism, with 4′-95 accounting for 73% of total OH-PCBs formed. Metabolite formation rates in experiments with pHLMs folowed the rank order 4′-95 ≫ 4-95∼3-103 > 5-95 ≫ 4,5-95. M 1 -95, M 2 -95, and M 3 -95 were minor metabolites.
Similar to our findings with PCB 95 reported herein, PCB 52 (2,2′,5,5′-tetrachlorobiphenyl) and PCB 101 (2,2′,4,5,5′-pentachlorobiphenyl) are preferentially metabolized in the para position by human P450 enzymes. 10, 11 These earlier studies identified P450 2A6 as the primary P450 isoform involved in the para-oxidation of a 2,5-dichloro substituted phenyl ring. In contrast, PCB 136 (2,2′,3,3′,6,6′-hexachlorobiphenyl), a symmetrical congener with two 2,3,6-trichloro substituted phenyl rings, is oxidized by pHLMs to both para-and metahydroxylated metabolites. 7, 12 Metabolism studies with recombinant enzymes suggest a role of P450 2B6 in the metabolism of chiral PCBs with a 2,3,6-trichloro substitution. 13 Studies using rodent models reveal different OH-PCB profiles in vitro and in vivo, without the predominant formation of 4′-95 observed with HLMs. Briefly, PCB 95 is preferentially metabolized to 5-95 and an unidentified OH-PCB by rat P450 2B1 14 and rat liver microsomes from rats pretreated with phenobarbital. 15 The unidentified metabolite does not correspond to 4′-95 and likely is 2,2′,3,5′,6-pentachlorobiphenyl-3′-ol (3′-95). 15 However, 4′-95 is present in the blood and liver from rats orally exposed to PCB 95. 5 Metabolism studies with PCB 95 revealed the formation of 5-95 as a major metabolite in liver tissue slices from phenobarbital-treated mice. 16 Studies in pregnant mice exposed to PCB 95 during gestation and lactation showed no detectable levels of 4′-95 in the blood and liver of the dams. 6 To explore interindividual differences in the metabolism of PCB 95, incubations with HLMs from five randomly selected individual donors were performed (Table S1 ). All microsomal preparations yielded similar metabolite profiles after a 5 min incubation time, with an approximate ratio of 3-103:5-95:4′-95:4-95 = 2:1:20:4. Irrespective of the incubation conditions, these four OH-PCBs and 4,5-95 accounted for <5% of the total PCB added to each incubation ( Figure 1D ; Table S1 ). Depending on the OH-PCB congener, the OH-PCB formation rates differed 2-to 4-fold between individual donor HLMs. In general, the metabolism rates followed the rank order H5 > H1 > H2 ∼ H3 > pHLM > H4 (Tables S2−S5) .
The atropisomeric enrichment, expressed as an enantiomeric fraction (EF), of PCB 95 and 4′-95 was assessed as described previously (Figure 2 , Table S6 , and Figures S15 and S16). Table S6 ). The dotted line indicates the EF value of the racemic standards. Data are the mean ± standard deviation. Open symbols indicate n = 1. *Significantly different from the racemic standard (p < 0.05).
the excess of racemic PCB 95 masked the atropisomeric enrichment due to a low conversion of the parent PCBs. The 4′-95 atropisomer eluting second on the GC column (E 2 -4′-95) was significantly enriched under these conditions in all HLM preparations investigated. Apparent EF values of 4′-95 ranged from 0.10 to 0.26. HLM incubations with a 15 min incubation time also revealed an enrichment of E 2 -4′-95 (Table S6 ). These observations are consistent with a preferential metabolism of E 2 -PCB 95 to E 2 -4′-95 by human P450 enzymes.
Our results suggest that interindividual differences in the metabolism of PCB 95 are one factor that modulates chiral signatures of PCB and their OH-PCB metabolites in humans. Further studies are needed to identify the P450 isoforms involved in the metabolism of PCB 95 in humans, determine if PCB 95 metabolites are present in human target tissues and, ultimately, assess how their atropisomers affect end points implicated in the neurodevelopmental toxicity of PCBs. 
